We carry out a first-principles investigation on magnetism, electronic structure, magneto-optical effects and topological property of newly grown cubic double perovskite Ba2NiOsO6 and its (111) (Ba2NiOsO6)/(BaTiO3)10 superlattice, based on the density functional theory with the generalized gradient approximation (GGA) plus onsite Couloumb interactions. Interestingly, we find that both structures are rare ferromagnetic (FM) semiconductors with estimated Curie temperatures of ∼150 and 70 K, respectively. The calculated near-neighbor exchange coupling parameters reveal that the ferromagnetism is driven by exotic FM coupling between Ni and Os atoms, which is due to the FM superexchange interaction caused by the abnormally strong hybridization between the half-filled Ni eg and unoccupied Os eg orbitals. The strong spin-orbit coupling (SOC) on the Os atom is found to not only open the semiconducting gap but also produce a large antiparallel orbital magnetic moment on the Os atom, thus reducing the total magnetization from 4.0 µB/f.u., expected from the Ni
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• and 250 deg/µm, respectively, which are larger than that of best-known MO materials. These interesting findings thus suggest that because of their FM semiconductivity and excellent MO properties, both structures would be promising materials for not only semiconductor-based spintronics but also magneto-optical devices. Finally, our calculated anomalous Hall conductivity shows that the band gap just below the Fermi level in the superlattice is topologically nontrivial with the gap Chern number of 2. This indicates that the (111) Ba2NiOsO6 and related 5d double-perovskite monolayers may provide an interesting material platform for exploring magnetic topological phases and phase transitions.
I. INTRODUCTION

Double perovskite oxides A 2 BB
′ O 6 (A is a rareearth/alkaline-earth cation; B and B ′ are transition metal cations), discovered in 1960s [1] , have attracted enormous attention in the past decades. They have been found to show diverse properties, such as large roomtemperature magnetoresistance [2] , multiferroicity [3] , half-metallicity [2, 4, 5] , and magneto-optic (MO) effects [6, 7] , depending on the compositions of the A, B, and B ′ cations. More recently, monolayers and multilayers of these double perovskites containing heavy cations were predicted to host various topological insulating phases such as quantum anomalous Hall phase [8] [9] [10] [11] . Therefore, double perovskite oxides offer ample possibilities for exploration of spin-related physics and also for magnetic, magneto-electric and MO device applications.
Recently, Feng et al. [12] synthesized new double perovskite Ba 2 NiOsO 6 and found it to be a rare ferromagnetic (FM) semiconductor with Curie temperature T C = 100 K [12] . It crystallizes in a cubic F m3m structure with lattice constant a = 8.0428Å, where the Ni 2+ * Electronic address: gyguo@phys.ntu.edu.tw and Os 6+ ions are perfectly ordered on the B and B ′ sites, respectively [12] . This is interesting because FM semiconductors are rare and also useful for the development of spintronic devices. Surprisingly, we note that Ni and Os ions are ferromagnetically coupled, which is very rare between the B and B ′ cations in double perovskite oxides [13, 14] . Furthermore, first-principles electronic structure calculations [12] showed that the spinorbit coupling (SOC) of Os 6+ plays a crucial role in opening the semiconducting gap, and thus double perovskite Ba 2 NiOsO 6 is called a Dirac-Mott insulator. However, it was inferred from the x-ray absorption spectra (XAS) [12] that the formal electronic configurations for Ni and Os in Ba 2 NiOsO 6 are Ni 2+ 3d 8 (t , respectively. Consequently, the total moment should be 4 µ B /f.u. for the FM ground state. However, the measured saturation magnetization for Ba 2 NiOsO 6 is approximately 3.46 µ B /f.u. at 5 K and 50 kOe, much smaller than the spin only magnetic moment estimated from the simplified ionic model. Therefore, it would be interesting to study the origin of the abnormal ferromagnetism as well as the spin and orbital magnetic moments of Ba 2 NiOsO 6 .
When a linearly polarized light beam hits a magnetic material, the polarization vector of the reflected and transmitted light beams rotates. The former and latter are known as Kerr and Faraday effects, respec-tively. Discovered in the 19th Century, they are two well-known MO effects [15, 16] . Currently, MO Kerr effect (MOKE) is widely used as a powerful probe of the electronic and magnetic properties of materials, such as two-dimensional ferromagnetic order [17] [18] [19] , spin Hall effect [20] , skyrmion Hall effect [21] , magnetic anisotropy [22, 23] , and topological insulator [24, 25] . Furthermore, because of its applications in modern high-density data-storage technology [26] , an enormous amount of effort has been devoted to search for materials with large MO signals.
Band exchange splitting caused by magnetization together with relativistic SOC has been recognized as the origin of MOKE [15, 16, [27] [28] [29] . Localized 3d orbitals tend to have large band exchange splittings. However, their SOC is weak. However, 4d or 5d transition metal atoms have a strong SOC. Nonetheless, their intra-atomic exchange interaction is rather small because of their more extended d orbitals which result in small band exchange splittings. Therefore, an effective way to enhance the MOKE is to make alloys or multilayers of 3d transition metals with 4d or 5d transition metals [30] . Consequently, the magneto-optical properties of various 3d FM transition metal alloys and multilayers with heavier 4d or 5d transition metal atoms have been investigated extensively. For example, PtMnSb [31] has been found to be an excellent MO metal with a maximum Kerr rotation of 2.5
• . Double perovskites, A 2 BB ′ O 6 (B = 3d and B ′ = 4d or 5d transition metal elements), which can establish an unusual renormalization of the intra-atomic exchange strength to enhance the band exchange splitting at the 4d or 5d sites arising from the so called hybridization driven mechanism [32, 33] , is also expected to have large MOKE. However, the B and B ′ atoms in most of double perovskite materials [4, 13, 14] prefer an antiferromagnetic coupling. This may reduce the net magnetization and thus results in a small MO effect [7] . As mentioned above, simultaneous occurrence of ferromagnetism and semiconducting gap in double perovskites is very rare. Combination of the strong SOC of Os atoms and ferromagnetism thus would make Ba 2 NiOsO 6 an excellent semiconductor for not only semiconductor-based spintronics but also magneto-optical devices.
The recent development in synthesizing artificial atomic-scale transition metal oxide heterostructures provides great tunability over fundamental physical parameters to realize novel properties and functionalities [34, 35] , such as the conductive interface between two insulating oxides [36] [37] [38] . This also stimulates extensive investigations on the topology of the electronic band structure of transition metal oxide heterostructures [8, 10, 11, [39] [40] [41] . Indeed, the quantum anomalous Hall phase was predicted to occur in (001) double-perovskite La 2 MnIrO 6 monolayer [10] and also (111) double-perovskite La 2 FeMoO 6 and Ba 2 FeReO 6 monolayers [8, 42] . Therefore, it would also be interesting to study the topological properties of Dirac-Mott semiconductor Ba 2 NiOsO 6 and its heterostructures.
In this paper, we present a systematic firstprinciples study of magnetism, electronic structure, magneto-optical effects and topological property of cubic double perovskite Ba 2 NiOsO 6 and its (111) (Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 monolayer superlattice. First, we find that both structures are narrow band gap FM semiconductors. The ferromagnetism is driven by the rare nearest-neighbor FM coupling between Ni and Os atoms, which is attributed to the FM superexchange mechanism caused by the abnormally strong hybridization between the half-filled Ni e g and unoccupied Os e g orbitals. Second, the strong SOC on the Os atom is found to not only open the semiconducting gap but also give rise to a large negative orbital magnetic moment on the Os atom, thus resulting in a measured total magnetic moment of less than 4 µ B /f.u. [12] . Third, we also find that because of the enhanced intra-atomic exchange interaction on the Os atoms caused by the Ni 3d -Os 5d hybridization and the strong SOC on the Os site, the MO effects are large in these two structures. Our theoretical findings thus suggest that double perovskite Ba 2 NiOsO 6 and its (111) superlattice are valuable ferromagnetic semiconductors for not only semiconductor-based spintronics but also magnetooptical devices. Finally, our calculated anomalous Hall conductivity reveals that the band gap just below the Fermi level in the superlattice is topologically nontrivial with the gap Chern number of 2. This indicates that the (111) Ba 2 NiOsO 6 monolayer superlattice and related 5d double-perovskite monolayers may provide an interesting material platform for exploring magnetic topological phases and phase transitions.
II. THEORY AND COMPUTATIONAL DETAILS
We consider cubic double perovskite Ba 2 NiOsO 6 [ Fig.  1 Figs. 1(e) and 1(f), respectively. Clearly, the latter is the folded BZ of the former along the Γ -L direction. In the present calculations of the electronic structure and magneto-optical properties of bulk Ba 2 NiOsO 6 , the experimental lattice constant of 8.0428Å is adopted. Since the BaTiO 3 slab in the (Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 superlattice is much thicker than the Ba 2 NiOsO 6 layer, the BaTiO 3 slab could be regarded as the substrate. Therefore, the in-plane lattice constant is fixed at √ 2a 0 = 5.6962Å, where a 0 is the theoretically determined lattice constant of cubic perovskite BaTiO 3 . In our structural optimization, the in-plane hexagonal symmetry is fixed but lattice constant c and internal coordinates of all the atoms in the superlattice are optimized theoretically. The lattice parameters and atom positions for bulk Ba 2 NiOsO 6 and its (111) monolayer superlattice are given, respectively, in Tables S1 and S2 in the Supple-mentary Materials (SM) [43] . The electronic structure and magnetic structure are calculated based on the density functional theory (DFT) with the generalized gradient approximation (GGA) [44] . The accurate projectoraugmented wave (PAW) method [45] , as implemented in the Vienna ab initio simulation package (VASP) [46] 
, where J ij is the exchange coupling parameter between sites i and j, andê i denotes the direction of spin on site i.
For a ferromagnetic solid with at least threefold rotational symmetry (i.e., tetragonal, trigonal, hexagonal and cubic) and the magnetization along the rotational z − axis, the optical conductivity tensor can be written as [48] 
Within linear response Kubo formalism [49] , the absorptive parts of the conductivity tensor elements due to interband transitions are given by
where summations i and j are over the valence and conduction bands, respectively. α = of the dipole operator, are obtained from the band structures within the PAW formalism [50] , as implemented in the VASP package. The integration over the BZ is carried out by using the linear tetrahedron method (see Ref.
[51] and references therein). The dispersive parts of the conductivity tensor elements can be obtained from the corresponding absorptive parts by use of the KramerKronig transformation [52] , 
where P denotes the principal integral.
In the polar geometry, the complex Kerr angle can then be calculated from the optical conductivity tensor via [53, 54] ,
which θ K is the Kerr rotation angle and ε K the Kerr ellipticity. For a magnetic thin film, the complex Faraday rotation angle can be written as [? ],
where n + and n − represent the refractive indices for left-and right-handed polarized lights, respectively, and are related to the corresponding dielectric function (or optical conductivity via expressions n
ω (σ xx ± iσ xy ). For many magnetic materials, the σ xx is generally much larger than the corresponding σ xy . Therefore,
The anomalous Hall conductivity (AHC) is calculated based on the Berry-phase formalism [56] . Within this Berry-phase formalism, the AHC (σ
is given as a BZ integration of the Berry curvature for all the occupied (valence) bands,
where Ω n ij (k) is the Berry curvature for the nth band at k. J c i is the i component of the charge current density J c and E j is the j-component of the electric field E. Note that the AHC is nothing but σ 1xy (ω) in the dc limit, i.e., σ A xy = σ 1xy (ω = 0). From the Kramers-Kronig relations, we can obtain a sum rule for σ 1xy (ω = 0),
Putting Eq.(3) into this sum rule would result in Eq. (9) .
Since a large number of k points are needed to get accurate AHCs, we use the efficient Wannier interpolation method [57, 58] based on maximally localized Wannier functions (MLWFs) [59] . Since the energy bands around the Fermi level are dominated by Os t 2g orbitals, 6 MLWFs per unit cell of Os t 2g orbitals are constructed by fitting to the GGA+U+SOC band structure in the energy window from -0.69 eV to 2.51 eV for the bulk, and from -0.54 eV to 1.66 eV for the monolayer. The band structure obtained by the Wannier interpolation agrees well with that from the GGA+U+SOC calculation. The AHC (σ 
III. RESULTS AND DISCUSSION
A. Magnetic properties
We study four magnetic configurations in both bulk Ba 2 NiOsO 6 and its (111) monolayer, as illustrated in Figs. 2 and 3 , respectively. The calculated total energies of these magnetic configurations are listed in Table  I . It is clear that in both structures the FM configuration is the ground state. Therefore, we list in Table II e 0 g ; S = 1) ions. Interestingly, both Ni and especially Os atoms have significant orbital magnetic moments, being 0.21 µ B and -0.55 µ B , respectively. Hund's second rule states that the spin and orbital moments would be antiparallel if the d shell is less than half-filled, and otherwise they would be parallel. In consistence with Hund's second rule, the Ni orbital moment is parallel to the Ni spin moment while the Os orbital moment is antiparallel to the Os spin moment. Consequently, because of the large negative Os orbital moment, the total magnetic moment is 3.37 µ B /f.u. in bulk Ba 2 NiOsO 6 . This theoretical value agrees rather well with the total magnetic moment of 3.46 µ B /f.u. deduced from the magnetic susceptibility experiment [12] . The calculated magnetic moments for the (111) Ba 2 NiOsO 6 monolayer are similar to that of bulk Ba 2 NiOsO 6 (see Table II ). As mentioned before, using the calculated total energies for the four magnetic configurations, we evaluate the exchange coupling parameters between magnetic atoms. The obtained nearest neighbor Ni-Os (J 1 ), Os-Os (J 2 ), and Ni-Ni (J 3 ) exchange coupling parameters together with their distances are listed in Table I . Interestingly, in both systems the magnetic interaction between B (Ni) and B ′ (Os) is ferromagnetic and is rather strong. This FM coupling between B and B ′ cations is very rare in double perovskite oxides [4, 14] . This explains why the FM state is the ground state, quite unlike many other double perovskite oxides in which the AFM is often favored [4, 14] . The second near neighbor Os-Os exchange coupling (J 2 ) is, however, AFM in the monolayer, although it is still FM in the bulk (Table I) . Furthermore, the second near neighbor Ni-Ni magnetic coupling (J 3 ) is much smaller than J 1 . The smallness of J 3 could be attributed to the much localized Ni 3d orbitals in comparison with that of Os 5d orbitals. Note that we also perform the total energy calculations for the (111) Ba 2 NiOsO 6 monolayer superlattice in the zigzag-AFM and stripy-AFM configurations (see Figs. 2(c) and 2(d) in Ref. [41] ) to estimate the next-nearest neighbor Ni-Os coupling parameter (J N N N i−Os ). We obtain a small J N N N i−Os value of 0.12 meV. This is much smaller than the nearest neigbor Ni-Os exchange coupling parameter (see J1 in Table I Table I .
Based on the calculated J 1 values, we could estimate magnetic ordering temperature (T c ) within a mean-field approximation given by k B T c = 1 3 zJ 1 where z is the number of Ni-Os pairs for either Ni or Os atom. Table I shows that such estimated T c of 150 K for the bulk agrees quite well with the experimental value of 100 K [12] . The estimated T c of 69 K for the monolayer is smaller than that of the bulk. This could be expected because of the number of nearest Ni-Os exchange couplings decreases from six in the bulk to three in the monolayer. Energy (eV) 
B. Electronic structure
Now let us examine the FM electronic structure of bulk Ba 2 NiOsO 6 and its (111) (Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 monolayer superlattice, which is needed for the following discussion of the optical conductivity tensor and the magneto-optical effects. The calculated fully relativistic and scalar-relativistic band structures are plotted in Figs. 4 and 5, respectively. For clarity and ease of comparison with bulk, we only show the main contributions from monolayer Ba 2 NiOsO 6 for (111) superlattice. Furthermore, the calculated atom-and orbital-decomposed densities of states (DOSs) for both structures are displayed in Fig. 6 . Figure 4 shows that both structures are a semiconductor with a small indirect band gap (Table  II) . Figure 6 indicates that the band gap falls within the spin-up Os 5d t 2g dominant bands. In bulk Ba 2 NiOsO 6 , the calculated band gap of 0.22 eV is comparable to the experimental one of ∼ 0.31 eV [12] . Interestingly, the scalar-relativistic band structures of bulk Ba 2 NiOsO 6 and its (111) monolayer are a metal and a semi-metal (Fig. 5) , respectively. When the SOC is included, the t 2g (equivalent to l = 1) states split into doubly degenerate (j = 3/2) occupied state and nondegenerate (j = 1/2) unoccupied state (Fig. 6 ). This confirms that the SOC plays an essential role in the semiconducting gap-opening, and thus Ba 2 NiOsO 6 is known as a very rare FM Dirac-Mott insulator [12] .
Generally speaking, the DOS of the bulk and the (111) monolayer are rather similar (see Fig. 6 ). The energy bands near Fermi level are predominantly of the Os 5d orbitals. The Os 5d and Ni 3d bands appear in the energy regions of -7.8∼-3.6 eV and -0.8∼2.4 eV with significant inter-orbital mixing as well as some small admixture of O 2p states, while the O 2p bands are mainly located between them. Consequently, because of the strong Ni 3d -Os 5d hybridization through the O 2p orbital, the Os 5d states are split into bonding and anti-bonding states. The bonding bands occur in the energy range from -6.8 eV to -4.8 eV, while the anti-bonding ones are located in the region from -0.8 to 1.6 eV in the vicinity of the Fermi level. However, compared with the bulk band structure, although the bandwidths of the 6 Os 5d t 2g -dominated bands near the Fermi level in the monolayer are only slightly reduced, the bandwidths of the lower valence bands and upper conduction bands further away from the Fermi level become noticeably narrowed (see Figs. 4 and 5), due to the reduced number of neighboring Os atoms in the monolayer. Significantly, there are bands crossings at K points, forming the so-called Dirac nodal points in (111) monolayer; In contrast, these band crossings do not occur at the corresponding W point in bulk Ba 2 NiOsO 6 (Fig. 5) . This difference would result in contrasting topological properties of the two systems, as will be discussed in Sec. III E below.
In the cubic double perovskite structure, the crystal field at the transition metal atoms, which sit at the centers of the oxygen octahedrons and occupy the perovskite B sites alternatively, should split the d states into two upper energy levels e g (3z 2 − 1, x 2 − y 2 ) and three bottom energy levels t 2g (xy, yz, and xz). However, the electronic structure of Ni 3d in the cubic Ba 2 NiOsO 6 do not follow the theory of crystal field. In Fig. 5(a) , it is clearly that Ni e g states lies lower than Ni t 2g states in the up-spin channel. Additionally, the exchange splitting energy between the up-spin and down-spin 3d e g electrons on the Ni atom is about 9.7 eV, much larger than that of Ni 3d t 2g bands of ∼ 1.0 eV. This is because that e g orbitals with the wave function directly pointing to that of O 2p orbitals have much stronger hybridization with O 2p states than that of t 2g bands, which causes the bonding occupied e g states shift to the lower energy level and the anti-bonding unoccupied e g ones move toward the higher energy direction. Moreover, it is interesting to find that the exchange splitting of Os 5d (up to ∼ 1.2 eV) states is large, being comparable to the Ni 3d band exchange splitting, which is due to the unusual renormalization of the intra-atomic exchange strength at the Os sites arising from the Os-Ni interaction, similar to the case of Sr 2 FeMoO 6 [32] .
Two different mechanisms of magnetism in double perovskite oxides have been proposed in the earlier literatures. One is the hybridization-driven mechanism [33] which leads to a negative spin polarization at the 4d or 5d site, that is, the intrinsic spin splitting at the 3d site and an induced spin splitting at the 4d or 5d site which is oppositely aligned. However, in Ba 2 NiOsO 6 , the Os 5d and Ni 3d states is ferromagnetic rather than anti-ferromagnetic coupling. Thus, the hybridizationdriven mechanism is not the origin of the magnetic coupling between Ni 3d ions and Os 5d ions in Ba 2 NiOsO 6 . The other is the well-known superexchange mechanism based on Goodenough-Kanamori (G-K) rules [60] . In Ba 2 NiOsO 6 , Ni t 2g orbitals are completely filled, and this rules out Os t 2g -Ni t 2g interaction. Although Ni e g orbitals are half-filled and Os t 2g orbitals are partially filled, they are orthogonal and thus do not contribute to the magnetic exchange. The remaining superexchange interaction is between half-filled Ni e g and empty Os e g orbitals, which should lead to the ferromagnetic coupling. Generally speaking, being a 5d transition metal, Os has a large t 2g -e g crystal-field splitting, thus driving the e g states out of the FM coupling picture in such systems as Sr 2 NiOsO 6 and Ca 2 NiOsO 6 . Nevertheless, Ni e g and Os e g orbitals could hybridize strongly, as shown clearly in Fig. 6 . It is this interaction between the Ni e g and Os e g orbitals that leads to the strong ferromagnetic coupling between the Ni and Os ions in Ba 2 NiOsO 6 .
C. Optical conductivity
We calculate the optical conductivity tensors of bulk Ba 2 NiOsO 6 and its (111) monolayer. The diagonal elements σ xx (for in-plane electric field polarization E ⊥ c) and σ zz (for out-of-plane electric field polarization E c) of the optical conductivity are displayed in Fig. 7 for both systems. Overall, the calculated spectra of the diagonal elements for the different electric field polarizations in bulk Ba 2 NiOsO 6 are very similar, i.e., this material is optically isotropic. In particular, they have several identical peaks. Taking the σ 1xx and σ 1zz spectra as an example, there are a small peak around 0.7 eV, a prominent twin peak centered at 3.0 and 3.5 eV, and a broad valley from 5.6 to 8.4 eV. This optical isotropy could be expected from such highly symmetric crystals as cubic double perovskites. However, for the (111) superlattic, surprisingly, σ 1xx and σ 1zz are also similar. The reduced symmetry in the superlattice causes only small differences. For example, the prominant B 3 peak at ∼4.2 eV in the σ 1xx spectrum is only slightly higher than that in the σ 1zz spectrum [see Fig. 7(c) ] due to the reduced crystal sym- metry. Nevertheless, compared with bulk case, although the spectral lines of (111) superlattice are similar at low frequency region, the peaks in high energy, such as B 3 peak, are noticeably higher and narrower. This can be attributed to the noticeably narrowed bandwidths of the energy bands further away from the Fermi level [see Fig.  5(b) ], as mentioned in the preceding subsection.
The real (σ 1xy ) and imaginary (σ 2xy ) parts of the offdiagonal element of the optical conductivity for bulk Ba 2 NiOsO 6 are shown in Figs. 8(a) and 8(c) , respectively. These spectra exhibit pronounced oscillatory peaks. Notably, a large positive peak appears at ∼ 3.2 eV in σ 1xy , and that in σ 2xy emerges near 2.0 and 3.5 eV. They also have a pronounced negative peak at ∼ 2.5 eV in σ 1xy and ∼ 2.9 eV in σ 2xy . Positive (negative) σ 2xy suggests that the inter-band transitions are dominated by the excitations due to the left-circularly (right-circularly) polarized light. For example, the negative value in σ 2xy around 2.9 eV suggests that interband transitions induced by right-circularly polarized light should be stronger. However, the peaks near 2.0 and 3.5 eV indicate the dominance of inter-band transitions due to left-circularly polarized light.
Broadly speaking, the σ 1xy and σ 2xy for the (111) Ba 2 NiOsO 6 monolayer, shown in Figs. 9(a) and 9(c), respectively, are similar to that of the bulk spectra, and the positive peak positions such as 3.2 eV in σ 1xy , ∼ 2.0 and 3.5 eV in σ 2xy , remain unchanged. Nevertheless, differences exist for the negative peak positions. For example, negative peaks appear at ∼ 2.2 and ∼ 4.1 eV in σ 1xy , and at ∼ 2.7 and ∼ 4.3 eV in σ 2xy , respectively.
As Eqs. (2) and (3) suggest, the absorptive parts of the optical conductivity elements, i.e., σ 1xx and σ 2xy , are directly related to the dipole-allowed inter-band transitions. This would allow us to understand the origins of the main peaks in the σ 1xx and σ 2xy spectra by determining the symmetries of the calculated band states and the dipole selection rules. The symmetries of band states at the Γ-point of the scalar-relativistic and relativistic band structures of bulk Ba 2 NiOsO 6 and its (111) monolayer are displayed in Figs. 4 and 5. Using the dipole selection rules (see Tables VI and VII in Appendix C), we could assign the main peaks in the σ 1xx in Fig. 7 (a) and 7(c) and the σ 2xy in Fig. 8(c) and Fig. 9(c) to the inter-band transitions at the Γ point displayed in Figs. 4 and 5 for the two systems. Taking bulk Ba 2 NiOsO 6 as an example, we could relate the A 3 peak at ∼ 3 eV in the σ 1xx [see Fig. 7(a) ] to the inter-band transition mainly from the Γ to this, there may be contributions from different interband transitions at other k points. Note that without SOC, these band states are doubly degenerate. When the SOC is included, these band states split [see Fig.  4(a) ], and this results in the magnetic circular dichroism. Therefore, we could assign the main peaks in the σ 2xy to the principal inter-band transitions at the Γ-point only in the relativistic band structure, e.g., displayed in Fig.  4(a) . In particular, we could attribute the pronounced peak N 3 at ∼ 3.0 eV in the σ 2xy in Fig. 8(c) to the inter-band transition from the Γ Fig. 4(a) .
D. Magneto-optical Kerr and Faraday effects
After examining the electronic, magnetic, and optical properties of bulk Ba 2 NiOsO 6 and its (111) monolayer, let us now turn our attention to their magneto-optical Kerr and Faraday effects. The calculated complex Kerr rotation angles of bulk and (111) monolayer Ba 2 NiOsO 6 are displayed in Figs. 8 and 9 , respectively. For bulk Ba 2 NiOsO 6 , the Kerr rotation angle is remarkably large, reaching up to -1.5
• at ∼ 0.8 eV, 1.5
• at ∼ 2.3 eV and -6
• at ∼ 3.2 eV. These large values imply that the large MOKE exists in bulk Ba 2 NiOsO 6 . As discussed already in Sec. I, this large MOKE stems from the combined effect of the enhanced band exchange splitting of the Os 5d t 2g orbitals caused by the significant Ni 3d -Os 5d hybridization and the strong SOC of the Os atoms [30] . The shape of the Kerr rotation spectrum for the (111) superlattice, shown in Fig. 9 , is similar to that of bulk Ba 2 NiOsO 6 . The notable difference between the two systems is the amplitude of the prominent peaks. The Kerr rotation angles get reduced in the (111) superlatice, mainly because of the fact that the (111) Ba 2 NiOsO 6 monolayer has a smaller density of the magneto-optically active atoms especially Os atoms than that of the bulk. Now let us compare the MOKE of the two systems with that of well-known MO materials. The Kerr rotation angles of most 3d transition metals and their compounds seldom exceed 0.5
• except, e.g., FePt, Co 2 Pt [30] , and PtMnSb [31] . Manganese pnictides generally have excellent MO properties. In particular, MnBi films possess a large Kerr rotation angle of 2.3
• at 1.84 eV in low temperatures [55, 61] . The famous MO material Y 3 Fe 5 O 12 harbors a Kerr rotation of 0.23
• at 2.95 eV. Owing to the strong SOC of 4d and 5d transition metal elements, the large MOKE has also been observed in half-metallic double perovskites containing 4d and 5d elements. Among these double perovskites, Sr 2 FeWO 6 exhibits a maximum Kerr rotation of 3.87
• [6] . On the whole, the Kerr rotation angles of bulk Ba 2 NiOsO 6 and its (111) monolayer are at least comparable to these well-known MO materials. Figures 8 and 9 show that the Kerr rotation (θ K ) and Kerr ellipticity (ε K ) spectra in both structures resemble, respectively, the real part (σ 1xy ) and imaginary part (σ 2xy ) of the off-diagonal conductivity element except a reversal of sign. This is not surprising because the Kerr effect and the off-diagonal conductivity element are connected via Eq. (6). Indeed, Eq. (6) indicates that the complex Kerr rotation angle would be linearly related to the σ xy if the longitudinal conductivity (σ xx ) varies smoothly. For the photon energy below 1.0 eV, the complex Kerr rotation angles become unphysically large. This is because the σ xx which is in the denominator of Eq. (6), becomes very small.
The calculated complex Faraday rotation angles for both bulk and (111) monolayer Ba 2 NiOsO 6 are displayed in Fig. 10 . The Faraday rotation spectra are rather similar to the corresponding Kerr rotation spectra as well as the σ xy (see Figs. 8 and 9 ). Figures 7-9 show that the σ xx is generally much larger than the corresponding σ xy . Therefore, [62] . Also as mentioned above, large magnetooptical effects are observed in some half-metallic double perovskites containing 4d and 5d transition metals. For example, Sr 2 FeWO 6 possess a large Faraday rotation of 45.0 deg/µm [6] . Clearly, the Faraday rotation angles for both bulk Ba 2 NiOsO 6 and its (111) monolayer are larger than these well-known MO materials. Therefore, because of their excellent MO properties, these Ba 2 NiOsO 6 materials could find promising applications for, e.g., MO sensors and high density MO data-storage devices. 
E. Anomalous Hall conductivity and topological phases
As mentioned before, bulk Ba 2 NiOsO 6 and its (111) superlattice are found to be FM semiconductors when the SOC is included. We thus could expect that the band gap would be topologically nontrivial and they could be Chern insulators. To verify the topological nature of this insulating gap, we calculate the anomalous Hall conductivity (AHC) (σ A xy ) for the two structures. For a threedimensional (3D) quantum Hall insulator, σ A xy = n e 2 /hc, where c is the lattice constant along the c axis normal to the plane of longitudinal and Hall currents and n is an integer known as the Chern number (n C ) [63, 64] . For a normal FM insulator, however, σ Here our design principle for engineering topological insulators is to find a material with its scalar-relativistic band structure that possesses Dirac points in the BZ, and then examine whether an energy gap would be opened at these Dirac points when the SOC is turned-on. For bulk Ba 2 NiOsO 6 , an ideal cubic perovskite structure, the Ni and Os ions sit on a simple cubic lattice with the Ni 3d or Os 5d orbitals being split into twofold degenerate e g and threefold degenerate t 2g levels by the octahedral crystal-field. However, such a lattice geometry usually does not support Dirac points, as one can see from the calculated scalar-relativistic band structure in Fig.  5(a) . This explains that bulk Ba 2 NiOsO 6 remains topologically trivial when the SOC is switched-on. Recently, Xiao et al. discovered [39] that in a metallic (111) ABO 3 perovskite bilayer, in which TM B ions form a buckled honeycomb lattice [see, e.g., Fig. 1(c) ], the TM B e g and t 2g bands would form Dirac points at the K point in the BZ. As a result, when the SOC is switched-on, a topologically nontrivial energy gap would be opened at the Dirac points and hence the system would be a topological insulator. Indeed, it has been subsequently demonstrated by many researchers (see, e.g., Refs. [40] [41] [42] and references therein) that the topological phase can be achieved in either a (111) simple perovskite bilayer or a (111) doubleperovskite monolayer. In the (111) Ba 2 NiOsO 6 monolayer, Ni and Os ions form a honeycomb lattice [see, e.g., Fig. 1(c) ], and thus Dirac points appear at the K point below the Fermi level [ Fig. 5(b) ]. Therefore, when the SOC is turned-on, the energy gap opened at the Dirac point is topologically nontrivial [see Fig. 4(b) ]. Nevertheless, we have also calculated the relativistic band structure for the (001) Ba 2 NiOsO 6 monolayer. As expected, the (001) monolayer is a topologically trivial metal.
Interestingly, the calculated σ A xy in (111) Ba 2 NiOsO 6 superlattice is 2.0 e 2 /hc within the band gap opened at these Dirac points with the SOC turned on [ Fig. 4(d) ], i.e., the band gap is topologically nontrivial. Therefore, within the rigid band model, one may speculate that the quantum anomalous Hall phase would appear in the (111) Ba 2 NiOsO 6 superlattice when doped with one hole. There are several ways of hole doping such as chemical substitution [65] and electrostatic gating [66, 67] . Here we explore both the chemical substitution and electrostatic gating. Specifically, we first consider three kinds of chemical substitutions, namely, replacing one Ba 2+ ion with an alkali metal (X = Li,Na,K) atom as BaXNiOsO 6 , replacing the Ni 2+ ion with a transition metal (Y = Sc, Mn, Co, Cu, Ru) atom as Ba 2 YOsO 6 , and also substitution of Re 6+ for Os 6+ . Unfortunately, the resultant band structures for the second kind of substitutions are all metallic. For the first and third kinds of substitutions, the resultant compounds are semiconductors. Nonetheless, the semiconducting gaps are all topologically trivial, i.e., σ A xy is zero within the band gap. As an example, we display the calculated scalar-relativistic and relativistic band structures as well as AHC (σ A xy ) of the (111) Ba 2 NiReO 6 superlattice in Fig. 11 . Figure 11 (d) shows clearly that the σ A xy of the Ba 2 NiReO 6 superlattice is zero within the semiconducting gap. We note that the intersection at the K point near the Fermi level does not exist even without the SOC [ Fig. 11 (b) ]. This may explain why the (111) Ba 2 NiReO 6 superlattice is topologically trivial. We also simulate the hole doping by electrostatic gating. Here, we perform self-consistent electronic structure calculations with one less valence electron per f.u. Unfortunately, the resultant band structure becomes metallic, indicating that the rigid band model is inapplicable here because of too strong perturbation due to the hole doping.
IV. CONCLUSIONS
In conclusion, by performing systematic first-principles density functional calculations, we have investigated magnetism, electronic structure, magneto-optical effects and topological property of cubic double perovskite Ba 2 NiOsO 6 and its (111) (Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 monolayer superlattice. Interestingly, we find that both structures are rare FM semiconductors, and the ferromagnetism is driven by strong FM coupling between neighboring Ni and Os atoms, which in turn arises from the FM superexchange mechanism due to the abnormally strong hybridization between half-filled Ni e g and unoccupied Os e g orbitals. The strong SOC on the Os atom not only opens the semiconducting gap but also results in a large negative orbital magnetic moment on the Os atom, thus leading to a total magnetic moment (3.37 µ B /f.u.) of less than 4.0 µ B /f.u. [12] , expected from the Ni 2+ 3d 8 (t 6 2g e 2 g ; S = 1) and Os 6+ 5d 2 (t 2 2g e 0 g ; S = 1) ions. We also find that because of the enhanced effective intraatomic exchange splitting of the Os atoms caused by the Ni 3d -Os 5d hybridization and the strong SOC on the Os sites, Ba 2 NiOsO 6 exhibits large MO effects. In particular, the Kerr and Faraday rotations can be as large as • and a large Faraday rotation of about 160 deg/µm is also predicted, although they are smaller than that bulk Ba 2 NiOsO 6 , mainly due to the reduced density of magneto-optically active atoms especially Os atoms in the superlattice. These theoretical findings therefore suggest that cubic double perovskite Ba 2 NiOsO 6 and its (111) superlattice are excellent materials for not only semiconductor-based spintronics but also magnetooptical devices. Finally, the calculated AHC reveals that the band gap just below the Fermi level in the monolayer superlattice is topologically nontrivial with the gap Chern number of 2 although both structures are ordinary FM semiconductors. This indicates that the (111) Ba 2 NiOsO 6 and related 5d double-perovskite monolayers may provide an interesting material platform for exploring magnetic topological phases and phase transitions. This work is thus expected to stimulate further experimental and theoretical investigations on these interesting materials. site-symmetry point group for Ni and Os atoms is also O h . (111)(Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 monolayer superlattice, however, has the space group P 3ml with its point group C 3v including six symmetry operations. The sitesymmetry point group for Ni and Os atoms is C 3v . To determine the symmetry of the band states at the center (Γ-point) of the Brillouin zone (BZ), the symmetry adapted basis functions, formed from the atomic orbitals localized at the Ni and Os sites, are derived using the projection method of group theory [68] , as listed in Tables V and VI for the O h and C 3v point groups, respectively. By comparing the calculated orbital characters of the band states at the Γ-point with the symmetryadapted basis functions (Tables V and VI Given the known symmetries of the band states at a kpoint in the BZ, the possible direct inter-band transitions can be worked out using the dipole selection rules. The dipole selection rules for the O h and C 3v point groups [69] are listed in Tables VI and VII, respectively. Using these selection rules, we assign the prominent peaks in the optical conductivity (Figs. 7, 8 and 9 ) of bulk Ba 2 NiOsO 6 and its (Ba 2 NiOsO 6 ) 1 /(BaTiO 3 ) 10 superlattice to the principal inter-band transitions at the Γ point, as shown in Figs. 4 and 5.
